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Abstract. An investigation on new rotor blade designs conceived to produce higher exit relative kinetic energy of a 
mixed flow turbine is undertaken. Accelerating the flow through the rotor in a relative frame of reference improves 
energy transfer to the shaft, which is only produced in a rotating rotor. A three-dimensional converging rotor channel 
might respond to the analysis requirements in the subsonic flow regimes. Effectively, the machine experiences a 3.71 % 
and 3.67 % increase in work output and efficiency, respectively, representing this study’s primary intent. This has been 
accomplished by varying the shroud profile to a lesser eye tip diameter, then the hub profile to a larger eye root diameter. 
At last, both shroud and hub profiles are varied. It appears possible to enhance the performance of the rotor in terms of 
optimum work done and efficiency by devising suitable blade geometry designs. ANSYS CFX 15 is the code of all 
simulation works. 
Keywords: blade, vane-to-vane plane, hub, shroud, meridional plane.
1 Introduction 
The mixed inflow turbines combine the advantages of 
both the axial and the radial types. They can use higher 
flow rates and operate at a higher specific rate. The 
maximum efficiency is attained at a lower ratio of tip speed 
over the velocity. The bending stresses on the new blade 
geometry are lesser compared to the radial turbines. Also, 
the use of variable nozzle blades is efficient even at off-
design point operation. This type of turbine covers large 
ranges of power, rate of mass flow, and rotational speeds. 
Among their applications, one cites Diesel engines in 
pulsating flow regimes. 
One is concerned with the rotor through-flow area effect 
on the turbine performance. It must be observed that the 
rotor channel cross-sectional area, from inlet to exit, is 
designed to ensure specific variations during the gas 
expansion. Besides, it is pointed out that on the one hand, 
the passe of the flow in the vane-to-vane Plane is 
converging, which implies flow acceleration in the moving 
reference frame for subsonic flow regimes. On the other 
hand, the meridional channel surface is diverging. The 
main reason for this design is to increase the specific 
volume during the fluid flow expansion, which would 
require an increase in flow area. Since the flow regime is 
subsonic, a flow deceleration is expected. Apparently, the 
flow parameters are affected by the combined effects of 
the sidewalls of the rotor channel. As a result, a little 
change in the relative velocity is revealed. Based on these 
arguments, investigations regarding the blade geometry 
are undertaken to shape a three-dimensional converging 
rotor through a flow sectional area for achieving greater 
flow acceleration rates. This might cause energy 
transformation into relative kinetic energy with greater 
energy transfer to the rotor into higher specific output work 
done. 
A few arrangements might be employed to design new 
blade configurations for the analysis. A numerical 
simulation using Ansys ICEM is adopted to explore the 
feasibility and the physical significance of the proposed 
design cases. The quantities and the geometry of the mixed 
inflow turbine rotor relative to which the results of the 
present study may be compared are those of the turbine 
designed and tested at Imperial College of London. Several 
research works have been conducted on this mixed turbine. 
One might cite papers related to the team of the Laboratory 
of Applied Mechanics of Oran-Algeria. 
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2 Literature Review 
Abidat et al. [1] designed and analyzed the volute of a 
radial and a mixed flow turbine, Litim et al. [2] studied the 
effect of blade number on the mixed inflow turbine 
performances. Maghnine et al. [3] presented the influence 
of volute cross-section shape on the mixed inflow turbine 
performances. Hamel et al [4] investigated a twin entry 
flow turbine volute. In papers [5-7] presented the 
aerodynamic performance of the mixed flow turbine blade 
design. Bencherif et al. [8] studied the unsteady 
performance of a twin-entry mixed flow turbine. Abidat [9] 
and Abidat et al. [10] developed a new method of blade 
profile generation using the Bezier polynomials. The works 
[11-12] include research to ensure high-quality mechanical 
machining of turbine blades for regular operation. Abidat 
et al. [13] studied the clearance effect between the rotor 
blades and the casing on the mixed turbine performance. In 
two cases, papers [14, 15] studied the effects of the cone 
and the inlet blade angles on mixed inflow turbine 
performance. The first is for a fixed outlet volute section 
and the second for a variable outlet volute section. Some 
geometric parameters were held fixed to keep the same 
rotor casing. Other researchers have examined this type of 
turbine; Rajoo et al. [16] offered a comprehensive review 
of mixed-flow turbines. Palfreyman et al. [17] obtained the 
rotor geometry of the mixed flow turbine by radially 
scanning the leading edge of a radial turbine. Whitfield et 
al. [18] established a relationship between the blade angle, 
the cone angle, and the camber angle. Watson et al. [19] 
compared the efficiency of axial, radial, and mixed turbines 
for different speed ratios and worked to improve the 
performance of the turbocharged engine with variable 
geometry. Pesiridis [20], Pesiridis and Martinez-Botas [21–
23] modified the mechanism of actuation of sliding vanes 
to adapt to the nature of pulsating flow of the exhaust gas 
by inducing artificially sinusoidal motion. Wallace and 
Blair [24] reported the earliest experimental study of the 
irregular flow effect on mixed inflow turbine performance. 
Yamaguchi et al. [25] analyzed four rotors of mixed inflow 
turbines having different camber curves. Ketata et al. [26] 
studied a Mixed Flow Turbine Volute numerically 
Operating in Various Steady Flow Conditions. Leonard et 
al. [27] studied the inlet mixed inflow turbine geometry. 
Bernhardt Lüddecke et al. [28] compared the efficiencies of 
mixed and radial inflow turbines for different rotational 
speeds. Padzillah et al. [29] studied numerically and 
experimentally the flow angle effect on mixed inflow 
turbine performance and discovered that only one rotor 
blade part operates in optimal conditions. 
3 Research Methodology 
3.1 Initial rotor design 
The rotor of the mixed inflow turbine under examination 
is a constant blade angle type, named type A. Since the 
meridian plane of the rotor represents maim interest of this 
study, it is profitable to have its description given in 
Figure 1. The values of the geometrical parameters are 
represented in Table 1. As stated before, changes will be 
made to the shroud and the hub profiles. For all the 
subsequent calculations, the optimum expansion ratio is 
adopted, which is equal to 2.91. It is retained from 
ABIDAT’s thesis analysis [30]. 
 
 
Figure 1 – The blade meridian view 
Table 1 – The geometrical parameter values (mm) 
b2 D2 R0h X1 D3H D3 D3s 𝛿2(°) 
17.99 83.58 36 40 27.07 59.7 78.65 40 
 
3.2 A new design approach 
The new rotor impellers under consideration are 
designed as follows. To lessen the degree of the meridional 
plane surface divergence, the first alternative is achieved by 
lowering the blade's eye tip diameter, which implies 
lowering the shroud profile as shown in Figure 2. 
 
Figure 2 – Different blade meridian views  
for different shroud exit diameters 
The second alternative would be lifting the hub profile 
for a higher eye root diameter as depicted in Figure 3. 
Finally, both shroud and hub profiles vary for a smaller exit 
diameter, as presented in Figure 4. The initial rotor design 
taken as a reference for comparison will be called: Div-1. 
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Figure 3 – Different blade meridian views  
for different hub exit diameters 
 
Figure 4 – Different blades meridian view  
by changing of hub and shroud diameters 
3.3 Rotor blade profile generation 
The method for designing the blade profile of the mixed 
turbine rotor is to use the pressure balance flow path 
principle by considering the faces acting on a particle fluid 
flow in a rotor path. The Bezier polynomial is adopted for 
the shape generation of the rotor under examination. The 
following expression gives the radius: 
𝑟 = (1 − 𝑢)4𝑟0 + 4𝑢(1 − 𝑢)
3𝑟1 + 6𝑢
2(1 − 𝑢)2𝑟𝑐 +
        +4𝑢3(1 − 𝑢)𝑟2 + 𝑢
4𝑟3.                                              (1) 
    The distance in the axial direction is presented by the 
following equation: 
𝑥 = (1 − 𝑢)4𝑥0 + 4𝑢(1 − 𝑢)
3𝑥1 + 6𝑢
2(1 − 𝑢)2𝑥𝑐 +
        4𝑢3(1 − 𝑢)𝑥2 + 𝑢
4𝑥3.                                                          (2) 
    The leading edge is obtained by the following relations: 








,     (3) 
𝑟 = 𝑟0ℎ + (𝑥 − 𝑥0ℎ)𝑡𝑎𝑛 (𝛿2).               (4)    
    The following equations calculate the trailing edge: 
𝒙 = (𝟏 − 𝒖)𝟒𝒙𝟎 + 𝟒𝒖(𝟏 − 𝒖)
𝟑𝒙𝟏 + 𝟔𝒖
𝟐(𝟏 − 𝒖)𝟐𝒙𝒃 +
+𝟒𝒖𝟑(𝟏 − 𝒖)𝒙𝟐 + 𝒖
𝟒𝒙𝟑,                                               (5)    
𝜽 = (𝟏 − 𝒖)𝟒𝜽𝟎 + 𝟒𝒖(𝟏 − 𝒖)
𝟑𝜽𝟏 + 𝟔𝒖
𝟐(𝟏 − 𝒖)𝟐𝜽𝒃 +
       + 𝟒𝒖𝟑(𝟏 − 𝒖)𝜽𝟐 + 𝒖
𝟒𝜽𝟑.                                                      
(6)    
The camberline blade is shown in Figure 5. 
 
 
Figure 5 – The camberline blade view 
The three-dimensional blade profiles are depicted in 
Figure 6 corresponding to the case hub held fixed; Figure 7 
corresponds to the casing shroud held fixed and the last on 
Figure 8 corresponds to the case where both hub and shroud 
are varied. Each meridional plane surface is defined by the 
ratio of the cross-sectional area, exit over inlet sections. 
Depending on them through flow sectional area shape; they 
are called DIV for diverging, CST for constant, and CONV 
for converging channels. 
 
 
Figure 6 – Blade geometrical shape views  
for different shroud exit diameter 
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3.4 Mesh optimization and Numerical model 
validations 
The unstructured hexahedral grid is used because it 
responds well with turbomachine simulations. 
 
 
Figure 7 – Blade geometrical shape views  
for different hub exit diameter 
 
Figure 8 – Blade geometrical shape views  
for different hub and shroud exit diameters 
Because the numerical simulation solutions are only 
approximations, the analysis of mesh quality and its 
influence on the results deserve particular attention. The 
numbers of mesh elements tested are 107 214, 233 814, 
333 372, and 415 030. The analysis of the graphs shows 
that the number of elements does not have any influence on 
the torque and the mass flow rate (Figure 9), a negligible 
influence on the static pressure distribution around the rotor 
blade (Figure 10). On the other hand, there exists a 
variation in the efficiency graph. Figure 9 shows that the 
optimal grid number is higher or equal to 333372 elements 
which are applied in the numerical simulations. 
The numerical validation is confirmed by the 
experimental works of Chen and Abidat [10] on rotor type 
A. The pressure ratio is defined as the total pressure at the 
inlet relative to the static pressure at the outlet; the 
distribution is in the axial direction of the blade. The results 
are shown in Figure 11. A good agreement between 
numerical simulations and experimental results is 
remarked. 
 
Figure 9 – Effect of element number on efficiency,  
torque and mass flow rate 
 
Figure 10 – Effect of element number on static pressure 
 
Figure 11 – Numerical result validation 
4 Results and Discussion 
The channel geometry of the rotor has a significant 
influence on the flow, on the energy transformation of the 
turbine. For the sake of comparison, the simulation results 
for the three alternatives at full rotational speed are 
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reported on the same diagram versus cases of channel 
geometries. The first alternative, which corresponds to the 
analysis of a blade shroud varied in profile shape keeping 
the hub profile unchanged, reveals relatively poor 
performance variables. The optimum design case remains 
for a diverging meridional plane surface, namely the Div-
3 case for a maximum output work (Figure 12) and the 
Div-2 case for a maximum power developed (Figure 13). 
 
 
Figure 12 – Output work at 98 000 rpm for three alternatives 
 
Figure 13 – Power at 98 000 rpm for three alternatives 
 Then, the channel convergence effect ceases to have 
significance in terms of beneficial gains.  
This is observed by a faster fall off the mass flow rate 
(Figure 14), the output work (Figure 12), the power 
developed (Figure 13), and the efficiency (Figure 15). 
When keeping the shroud profile fixed and varying the hub 
profile, which represents the second alternative, the most 
efficient rotor blade profile for the best effect on the work 
generation is obtained. The Conv-1 case is retained for its 
maximum output work, but the Const case for its 
maximum power developed. This is probably due to the 
fluid deflection and compression effects by the new 
curvature of the meridional streamline and the vane-to-
vane plane curvature. A remarkable feature is noticed, 
although the flow passage is restricted from a design case 
to the next one for a smaller exit area, the mass flow rate 
remains almost invariable from the initial design case: 
Div-1 until the Conv-1 design case. Then it falls off as 
depicted in Figure 14. 
 
 
Figure 14 – Power at 98 000 rpm for three alternatives 
 
Figure 15 – Total to static efficiency for three alternatives 
All the performance parameters are more significant 
than the two other alternatives seen in Figures 12–15. The 
channel aerodynamic shape is adequate for transforming 
the inlet available energy into shaft work. The last 
alternative where both hub profile and shroud profile are 
varied, named the symmetric case, approaches the 
performances of the second alternative. The Const design 
case shows maximum output work and the Div-4 design 
case for maximum power output, as reported in 
Figures 12–13. Based on the simulation results, the 
estimated gains (% increase) compared to the initial design 
case: Div-1, for the three alternatives, are listed in Table 2. 
The decisive advantage of either a maximum power 
developed or a maximum efficiency (max output work) 
represents a compromise between two different 
aerodynamic blade profiles. 
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Table 2 – Maximum gain estimation for three alternatives 
Case Maximum gain Geometry 
Mass flow 
rate, % 
Output work, % Power, % 
Total to static 
efficiency, % 
Fixe hub 
Power DIV-2 –0.93 1.54 0.59 1.52 
Output work DIV-3 –2.06 2.29 0.18 2.27 
Fixe shroud 
Power CST –0.72 3.49 2.74 3.49 
Output work CONV-1 –1.63 3.71 2.02 3.67 
Symmetrical 
Power DIV-4 –1.89 2.93 0.99 2.94 
Output work CST –3.27 3.13 –0.24 3.13 
5 Conclusions 
Several channel geometry configurations have been 
explored to increase the energy transformation. The 
interdependence of the flow parameters and the complex 
three-dimensionality of the machine reveals some 
instructive results. Effectively, the analysis based on 
channel argument appears suitable for specific rotor 
designs, which confirm improvement in the turbine 
performance. 
Their effects on the work generation capacity are 
observed. We retain from the analysis. It appears that for 
each alternative, two facets emerge. The maximum 
obtained in the output work is related to the maximum 
efficiency for a specific optimum design case. But the 
maximum power developed are recorded the maximum 
expansion ratio and the minimum absolute kinetic energy 
at the rotor exit, corresponding to a different geometrical 
design optimum case. The same rule is noticeable for the 
three considered alternatives. It arises from the wall 
channel combinations a remarkable feature that a three-
dimensional converging rotor cross-sectional area is not a 
necessary and sufficient condition to increase the relative 
kinetic energy. 
Nomenclature 
D2 Mean diameter at rotor inlet 
b2 Blade height at rotor inlet 
2 Cone angle at rotor inlet 
D3 Exducer hub diameter 
D3S Exducer tip diameter 
X1 Length of the rotor 
 𝜃 Camber angle 
𝜃𝑟𝑒𝑓  Reference camber angle  
𝑥𝑟𝑒𝑓 Reference axial distance of the blade 
𝛽2𝑏  Mean blade angle at rotor inlet 
𝑅0ℎ The radius at the tip rotor inlet. 
𝑥0ℎ The axial distance for the initial point of the hub. 
𝐷3 Exducer root mean square diameter 
X Axial polar variable  
 r Radial polar variable 
 u variable between 0 and 1 
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